1. Introduction {#sec1}
===============

In humans, oxidative stress plays an important role in many diseases, including cardiovascular diseases, neurodegenerative diseases (such as Alzheimer\'s and Parkinson\'s \[[@bib1]\]), autoimmune diseases (such as systemic lupus erythematosus and cancer \[[@bib2],[@bib3]\]) and probably novel coronavirus-infected pneumonia (COVID-19) that an ongoing new challenge we are facing. Furthermore, numerous studies have demonstrated the extensive involvement of oxidative stress in ageing itself \[[@bib4]\]. Oxidative stress represents an imbalance between toxic reactive oxygen species (ROS) and antioxidant systems, and high levels of ROS induce inflammation and cytotoxicity, which damages proteins, lipids, and DNA and subsequently disrupts mitochondrial structure and functions, ultimately resulting in cell death \[[@bib5], [@bib6], [@bib7]\]. At present, most experts think it is related to the sudden onset of systemic inflammatory response syndrome in COVID-19 severe patients \[[@bib8]\].

Prohibitins (PHBs) assemble into large ring complexes in the mitochondrial inner membrane to maintain mitochondrial dynamics and morphogenesis, associated with multiple neurodegenerative disease \[[@bib9],[@bib10]\], autoimmune diseases \[[@bib11]\], cancer \[[@bib12],[@bib13]\] and aging \[[@bib10],[@bib14],[@bib15]\]. Prohibitin 2 (PHB2), one of two homologous prohibitin proteins, comprises a conserved and ubiquitously expressed protein family with prohibitin 1 (PHB1) \[[@bib16]\]. Recently, PHB2, a pleiotropic protein reportedly essential for nucleus-mitochondria communications, cell proliferation and development in eukaryotes \[[@bib17],[@bib18]\], was reported to play important roles in enhancing oxidative stress tolerance in mammalian cells \[[@bib19],[@bib20]\]. Some reports also suggested other functions of PHB2, such as transcriptional regulation in the nucleus and cell signalling in the plasma membrane \[[@bib21],[@bib22]\]. The C-terminal domain is sufficient for the ERα-dependent nuclear translocation of human PHB2 in yeast and *C. elegans*, and PHB proteins have been reported to possess a non-cleavable leader peptide at their N termini \[[@bib16],[@bib21]\]. In contrast to the extensive studies on mammalian PHB2, few studies on the PHB2 from lamprey as one of original jawless vertebrata have been performed. While we first demonstrated that the PHB2 homologue from the Chinese northeast lamprey (*Lampetra morii*, Lm-PHB2) enhances the oxidative stress tolerance of Chang (CHL) cells in 2015 \[[@bib20]\], the detailed mechanisms have not been discussed in any previous studies. The present study aimed at analyzing the translocation of Lm-PHB2 and its effect on mitochondrial morphology and cellular ROS levels under oxidative stress. This was conducted as part of the effort to provide a new clue for treating diseases induced by oxidative stress.

2. Materials and methods {#sec2}
========================

2.1. Plasmid construction and transfection {#sec2.1}
------------------------------------------

According to a previous study reported by Li et al. the Lm-PHB2 coding region, flanked by the *Eco*RI and *Bam*HI restriction sites, was amplified and then subcloned into the eukaryotic expression vector pEGFP-N1. The recombinant plasmid was extracted using the TaKaRa MiniBEST Plasmid Purification Kit Ver. 4.0 (TaKaRa, China), and endotoxins were removed using Endotoxin-Be-Gone (Sangon Biotech, China). Transfection was performed on cells that were at least 70% confluent using the Translipid Transfection Reagent (TransGen Biotech, China) according to the manufacturer\'s instructions. After 24 h, the cells were washed with PBS, and the medium was replaced with fresh, normal growth medium with or without 0.5 mmol/L (mM) H~2~O~2~ for 3 h for subsequent quantitative real-time PCR (QRT-PCR) and Western blot assays.

2.2. Cloning, expression and purification of the lamprey PHB2 protein {#sec2.2}
---------------------------------------------------------------------

According to a previous study reported by Li et al. the Lm-PHB2 coding sequence, flanked by the *Eco*RI and *Hind*III restriction sites, was amplified and subcloned into pET32a to produce a His-tagged fusion protein. Recombinant Lm-PHB2 (rLm-PHB2) was expressed in *E. coli.* Rosetta blue cells and induced with 1 mM IPTG at 30 °C for 5 h. The soluble supernatant was collected and applied to a Ni-NTA His-Bind resin column (Sangon Biotech, China) equilibrated with binding buffer (20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 20 mM imidazole). After washing the column with wash buffer (20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 30 mM imidazole), the recombinant protein rLm-PHB2 was collected in elution buffer comprising 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 80 mM imidazole. The concentration of rLm-PHB2 was measured using a bicinchoninic acid (BCA) protein assay kit (Beyotime, China). The purified rLm-PHB2 protein was analysed by 12% SDS-PAGE and stored at −80 °C.

2.3. Cell culture {#sec2.3}
-----------------

HEK293T cells line was purchased from ATCC. The HEK293T cells were cultured in dulbecco\'s modified eagle\'s medium (DMEM) (GIBCO, USA) supplemented with 10% (vol/vol) fetal bovine serum (GIBCO, USA) in a humidified incubator with 5% CO~2~ at 37 °C.

2.4. QRT-PCR {#sec2.4}
------------

HEK293T cells were transfected with the pEGFP-N1 or pEGFP-N1-Lm-PHB2 plasmids for 24 h and total RNA was then isolated from the cells using RNAiso Plus (Takara, China). The RNA was subjected to reverse transcription using the PrimeScript™ RT reagent Kit with gDNA Eraser (Takara, China). QRT-PCR was performed with the SYBR Premix ExTaq™ II Kit (Takara, China) according to the manufacturer\'s protocol using GAPDH as an internal control. Primers used for QRT-PCR are listed in [Table 1](#tbl1){ref-type="table"} .Table 1Primers used for QRT-PCR.Table 1NameSequenceGAPDH (upstream)5′-CAGGAGGCATTGCTGATGAT-3′GAPDH (downstream)5′-GAAGGCTGGGGCTCATTT-3′OPA1(upstream)5′-TGGGTCCGATTCTTCCAGTA-3′OPA1(downstream)5′-TGAGGGTTATTCAACACAATGC-3′HAX1 (upstream)5′-GAACCAACGTCCCAGGAATA-3′HAX1 (downstream)5′-ACAGTAACCCGACACGAAGC-3′

2.5. Western blot {#sec2.5}
-----------------

HEK293T cells were seeded into 6-well plates and incubated at 37 °C for 24 h and subsequently transfected with the pEGFP-N1 or pEGFP-N1-Lm-PHB2 plasmids at 37 °C for an additional 24 h. After centrifugation, the cell pellets were collected and lysed with cell lysis buffer (Beyotime, China) containing phenylmethanesulfonyl fluoride (PMSF). The concentrations of the total proteins were also measured by the BCA kit (Beyotime, China) with bovine serum albumin (BSA) as the standard. The protein samples were electrophoresed by 12% SDS-PAGE and then transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Germany). After blocking with 5% non-fat dairy milk (Yili, China) in Tris-buffered saline tween (TBST) buffer (20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.05% Tween-20) for 2 h, the membranes were incubated with the following primary antibodies at room temperature for 5 h: anti-OPA1 (optic atrophy associated protein 1) (Proteintech, China; 1:1000), anti-HAX1(HCLS1-associated protein X-1) (Proteintech, China; 1:1000) and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Bioworld, China; 1:2000). The membranes were washed with TBST buffer five times to remove non-specifically bound proteins and then incubated with the appropriate peroxidase-conjugated goat anti-rabbit secondary antibody (Bioworld, China) at a ratio of 1:5000 at room temperature for 1 h. After washing with TBST buffer five times, the membranes were visualized with the BeyoECL Plus Detection Kit (Beyotime, China).

2.6. ROS measurement {#sec2.6}
--------------------

2′7′-dichlorofluorescein diacetate (DCF-DA) was used to measure the ROS levels. HEK293T cells (1 × 10^5^ cells/well in 6-well plates) were treated with 10 and 100 μg/mL of extract, 1 and 10 μg/mL of cyanidin-3-*O*-galactoside, trolox (positive control, 50 μmol/L (μM)) and 2 mM glutamate for 8 h. Then, the cells were washed with phosphate buffered solution (PBS) and incubated in 10 μM DCF-DA in DMEM without phenol red for 30 min. Cells were washed twice with PBS. Fluorescence was measured at an excitation wavelength of 490 nm and an emission wavelength of 525 nm.

2.7. Confocal microscopy {#sec2.7}
------------------------

The eukaryotic expression vector pEGFP-N1 expresses green fluorescent protein (GFP). First, we transfected the recombinant pEGFP-N1-Lm-PHB2 plasmid into HEK293T cells and examined the cellular localization of Lm-PHB2 using confocal microscopy (Zeiss LSM800, Germany); cells transfected with the empty vector were used as a control. Subcellular organelles and Lm-PHB2 with pEGFP were visualized by Hoechst 33258 (Beyotime, China; nuclear DNA, blue, 369 nm and 460 nm for absorbance and emission, respectively), MitoTracker Red (Invitrogen, USA; mitochondria, red, 578 and 599 nm for absorbance and emission, respectively), and GFP (Lm-PHB2, green, 495 nm and 519 nm for absorbance and emission, respectively). The cells were washed twice with PBS and then re-examined in response to oxidative stress (0.5 mM H~2~O~2~ treatment for 1 h); unstimulated cells transfected with the recombinant plasmid were used as a control.

2.8. Co-immunoprecipitation {#sec2.8}
---------------------------

The pEGFP-N1 and pEGFP-N1-Lm-PHB2 plasmids were transiently transfected into HEK293T cells and incubated at 37 °C for 24 h. After centrifugation, the cell pellets were collected and lysed with cell lysis buffer (Beyotime, China) containing PMSF. Protein G agarose beads (18 μL per reaction) were then added, and 700 μL of PBS was used to wash the agarose. The samples were centrifuged at low speed and washed four times. Next, 0.7 mL of the cell lysates and 1 μg of the purified antibody were added to new microcentrifuges, and the samples were incubated for 1 h on a flat platform. After incubation, the cell lysates were transferred to the washed Protein G beads in the spin columns and incubated overnight at 4 °C on a flat platform. Each column was inserted into a supplied 2-mL microcentrifuge tube and spun at 12,000 g for 30 s at 4 °C. The beads in the spin column were washed with 700 μL of 1 × IP buffer six times and then with 0.1 × IP buffer. The spin columns were centrifuged at 12,000 g for 30 s. Next, 40--50 μL of 1 × loading buffer was added to the beads and mixed gently, and the samples were then heated to 95 °C for 5 min. The columns were inserted into new microcentrifuge tubes and centrifuged at 12,000 g for 30 s. The eluted immunoprecipitants were then subjected to SDS-PAGE.

2.9. Statistical analysis {#sec2.9}
-------------------------

The data shown represent the mean ± SD of at least three independent experiments, performed in triplicate. Student\'s t-test was used to analyze the differences between PBS and rLm-PHB2 treated groups. A statistical significance was shown as follows: \**P* \< 0.05, \*\**P* \< 0.01 and \*\*\**P* \< 0.001.

3. Results {#sec3}
==========

3.1. Recombinant Lm-PHB2 protein decreased ROS levels in HEK293T cells {#sec3.1}
----------------------------------------------------------------------

To explore the roles of rLm-PHB2 expressed in prokaryotes in regulating cellular ROS levels, we measured intracellular ROS levels in HEK293T cells treated with rLm-PHB2 of different concentrations using flow cytometry. As shown in [Fig. 1](#fig1){ref-type="fig"} (A and B), the levels of ROS in HEK293T cells were significantly decreased when treated with 6 μM rLm-PHB2 under H~2~O~2~ stimulation, indicating that rLm-PHB2 could inhibit ROS production in H~2~O~2~-stimulated HEK293T cells. In addition, confocal microscopic images ([Fig. 1](#fig1){ref-type="fig"}C) showed the rLm-PHB2 could enter HEK293T cells and localize to the cytoplasm. Which suggested that Lm-PHB2 might play roles of decreasing ROS levels in HEK293T cells by the mitochondria in the cytoplasm, because cellular H~2~O~2~ stimulation is known to induce mass ROS generation during mitochondrial-dependent apoptotic processes \[[@bib23]\].Fig. 1**rLm-PHB2 decreased the levels of ROS in HEK293T cells.** (A) After digestion, HEK293T cells treated with PBS or rLm-PHB2 were stained with DCFH-DA and analysed by flow cytometry. The mean fluorescence intensity of HEK293T cells in the P2 region is shown. (B) Histogram indicating the decreased ROS levels in HEK293T cells treated with rLm-PHB2. Each treatment was repeated three times. Significant differences between the PBS- and rLm-PHB2-treated groups are indicated with asterisks \**P* \< 0.05, respectively. (C) Confocal microscopic images of the rLm-PHB2 protein entering HEK293T cells and localizing to the cytoplasm. After 24 h, rLm-PHB2 cultures were immunostained with a fluorescent antibody (red), mitochondria were stained with MitoTracker (green), and nuclei were stained with Hoechst 33258 (blue). The scale bar represents 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

3.2. Lm-PHB2 is required for maintaining mitochondrial morphology in HEK293T cells {#sec3.2}
----------------------------------------------------------------------------------

To explore the effect of Lm-PHB2 on mitochondrial morphology, we conducted pEGFP-N1-Lm-PHB2 plasmids and transfected HEK293T cells. The mitochondrial morphology of HEK293T cells treated with PBS and 0.5 mM H~2~O~2~ with the pEGFP-N1-Lm-PHB2 or pEGFP-N1 plasmids was examined using confocal microscopy. The results showed that the mitochondria in HEK293T cells transfected with pEGFP-N1-Lm-PHB2 and stimulated with H~2~O~2~ did not appear fragmentation, a large fraction of mitochondria in the cells that were transfected with pEGFP-N1 and treated with H~2~O~2~ were fragmented ([Fig. 2](#fig2){ref-type="fig"} ). Therefore, Lm-PHB2 is required for maintaining mitochondrial morphology in HEK293T cells.Fig. 2**Lm-PHB2 is required for maintaining mitochondrial morphology in HEK293T cells.** HEK293T cells treated with PBS and 0.5 mM H~2~O~2~ were transfected with the pEGFP-N1-Lm-PHB2 or pEGFP-N1 plasmids, after transfecting the mitochondria were stained with MitoTracker Red (red) and their mitochondrial morphologies were examined by confocal microscopy. The scale bar represents 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

3.3. Lm-PHB2 protein was translocated from the nucleus to mitochondria under oxidative stress {#sec3.3}
---------------------------------------------------------------------------------------------

Before we found that the cellular oxidative stress tolerance enhanced by Lm-PHB2 was closely associated with the translocation of Lm-PHB2 from the nucleus to the mitochondria in CHL cells during oxidative stress. To further establish Lm-PHB2 could protect the mitochondria by the translocation of Lm-PHB2 from the nucleus to the mitochondria during oxidative stress, we constructed the pEGFP-N1-Lm-PHB2 recombinant plasmids in a previous study. Subsequently, the pEGFP-N1-Lm-PHB2 recombinant plasmid and pEGFP-N1 plasmid were transfected into HEK293T cells, respectively, and the subcellular localization and translocation of Lm-PHB2 protein under oxidative stress were examined by confocal microscopy. Interestingly, exogenous Lm-PHB2 also specifically localized to the nucleus and was translocated almost from the nucleus to the mitochondria in HEK293T cells after stimulation with 0.5 mM H~2~O~2~ for 1 h ([Fig. 3](#fig3){ref-type="fig"} A).Fig. 3**Translocation of Lm-PHB2 to mitochondria in HEK293T cells in response to oxidative stress.** (A)The Lm-PHB2 protein was translocated from the nucleus to the mitochondria in HEK293T cells under oxidative stress. Subcellular organelles and the Lm-PHB2 protein were visualized by Hoechst 33258 (blue, nucleus), GFP (green, Lm-PHB2), and MitoTracker Red (red, mitochondria). The scale bar represents 10 μm. (B)Lm-PHB2 deletion mutants and a mitochondria-targeted signal-mutated version of Lm-PHB2 proteins were respectively constructed in this study. (C)The translocation of Lm-PHB2 into mitochondria might be dependent on the Lm-PHB2~1-50aa~ region and the 17th, 48th and 57th three arginines(R) were very critical. Subcellular organelles and the protein mutants of Lm-PHB2~1-50aa~, Lm-PHB2~51-200aa~, Lm-PHB2~201-299aa~ and Lm-PHB2~1-57aa~^AAA^ were visualized by Hoechst 33258 (blue, nucleus), GFP (green, Lm-PHB2 mutants), and MitoTracker Red (red, mitochondria). The scale bar represents 10 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

To investigate the mechanism of Lm-PHB2 translocation, we examined the expression of various Lm-PHB2 deletion mutants (Lm-PHB2~1-50aa~, Lm-PHB2~51-200aa~ and Lm-PHB2~201-299aa~) and a mitochondria-targeted signal-mutated version (Lm-PHB2~1-57aa~ ^AAA^) ([Fig. 3](#fig3){ref-type="fig"}B). Confocal microscopy was used to show that Lm-PHB2~1-50aa~ localized to the mitochondria and cytoplasm, while Lm-PHB2~1-57aa~ ^AAA^ localized similarly to the Lm-PHB2~51-200aa~ and Lm-PHB2~201-299aa~ and failed to localize to the mitochondria ([Fig. 3](#fig3){ref-type="fig"}C). The results indicated that the translocation of Lm-PHB2 into mitochondria might be dependent on the Lm-PHB2~1-50aa~ region and the 17th, 48th and 57th three arginines(R) were very critical.

3.4. Lm-PHB2 protects mitochondria via interactions with OPA1 and HAX1 {#sec3.4}
----------------------------------------------------------------------

To explore the role of Lm-PHB2 after translocation to mitochondria, the expression levels of OPA1 and HAX1 was examined by QRT-PCR and Western blot. Lm-PHB2 increased the expression levels of OPA1 and HAX1 in HEK293T cells treated with 0.5 mM H~2~O~2~ ([Fig. 4](#fig4){ref-type="fig"} A--C). We also examined the interactions of Lm-PHB2 with OPA1 and HAX1 using co-immunoprecipitation (co-IP) and immunofluorescence (IF) assays, respectively. Lm-PHB2 was mainly localized in the nucleus in the PBS treatment group, as determined by IF, however, under H~2~O~2~ treatment, Lm-PHB2 was translocated to mitochondria that co-localized with OPA1 or HAX1 ([Fig. 4](#fig4){ref-type="fig"}D and E). The co-IP results showed that Lm-PHB2 interacted with OPA1 and HAX1 to a greater extent in H~2~O~2~-stimulated (0.5 mM) HEK293T cells transfected with pEGFP-N1-Lm-PHB2 compared with that in cells transfected with pEGFP-N1 ([Fig. 4](#fig4){ref-type="fig"}F). The above results indicated that Lm-PHB2 might maintain mitochondrial morphology via interacting with OPA1 or HAX1.Fig. 4**Lm-PHB2 protects mitochondria by interacting with OPA1 and HAX1.** (A,B,C) The relative expression levels that OPA1 or HAX1 compared to the internal control GAPDH in HEK293T cells transfected with the pEGFP-N1-Lm-PHB2 plasmids were up-regulated after treatment with 0.5 mM H~2~O~2~ for 2 h by QRT-PCR (A) and Western blot (B) analysis. K:pEGFP-N1 group, Q:pEGFP-N1-Lm-PHB2 group, K + H:pEGFP-N1+H~2~O~2~ group, Q + H:pEGFP-N1-Lm-PHB2+H~2~O~2~ group. The histogram (C) compares the intensities of the various bands shown in the blot. Control:PBS-treated group, H~2~O~2~:H~2~O~2~-treated group. Asterisks indicate significant differences from PBS-treated cells at the \**P* \< 0.05 or \*\**P* \< 0.01 level, respectively. (D,E) Lm-PHB2 co-localization with OPA1 (D) or HAX1 (E) in HEK293T cells transfected with the pEGFP-N1-Lm-PHB2 plasmids when cultivated in the presence of 0.5 mM H~2~O~2~ for 2 h, as analysed by IF observations. Nuclear was stained with Hoechst 33258. GFP antibody was used to capture the Lm-PHB2 protein. The scale bar represents 10 μm. (F,G) Co-IP analysis of Lm-PHB2 interacting with OPA1 (F) and HAX1 (G) in HEK293T cells transfected with the pEGFP-N1-Lm-PHB2 plasmids after treatment with 0.5 mM H~2~O~2~ for 2 h. K:pEGFP-N1 group, Q:pEGFP-N1-Lm-PHB2 group.Fig. 4

4. Discussion {#sec4}
=============

Many diseases are associated with increased levels of ROS, such as cardiovascular, Parkinson\'s and Alzheimer\'s diseases \[[@bib24]\]. However, clinical trials exploring the efficacies of antioxidant therapies for disease treatments have failed to show any benefits \[[@bib25],[@bib26]\]. ROS arise from diverse intracellular and extracellular sources in the vascular wall, and there appears to be a fine balance between the physiological roles of the stable ROS hydrogen peroxide, observed at low H~2~O~2~ concentrations, and the pathological effects of higher ROS concentrations \[[@bib27],[@bib28]\]. In 2015, Li et al. first demonstrated that lamprey PHB2 enhances the oxidative stress tolerance of CHL cells, most likely due to the presence of the protein in the mitochondria after its translocation from the nucleus during oxidative stress. Based on our data, lamprey PHB2 shares more than 75% sequence homology with human PHB2, and their sequences are mainly divergent in the N and C termini \[[@bib20]\]. The C-terminal domain is sufficient for the endoplasmic reticulum (ER) α-dependent nuclear translocation of human PHB2. Thus, human PHB2 localizes to the mitochondria via the mitochondrial transmembrane sequence (MTS) at its N terminus and can localize to the nucleus via its C-terminal domain, suggesting that PHB2 is shuttled between the two organelles \[[@bib16],[@bib17]\]. Human PHB2 is mainly involved in the functionality of the mitochondrial inner membrane as a protein-lipid scaffold \[[@bib29]\]. Regrettably, the mechanisms underlying the enhanced oxidative stress tolerance effects of Lm-PHB2 were not discussed in detail.

4.1. ROS generation is inhibited by Lm-PHB2 in HEK293T cells {#sec4.1}
------------------------------------------------------------

Some reports have also suggested other functions of PHB2, such as transcriptional regulation in the nucleus and cell signalling in the plasma membrane \[[@bib30]\]. In contrast to the extensive studies on PHB2 in jawed vertebrates, little is known about PHB2 and its biological activities and physiological roles in jawless lampreys. Molecular cloning and characterisation of a PHB2 homologue from Chinese northeast lamprey (*Lampetra morii*) was molecularly cloned and characterized in a past study. Recently, we used a flow cytometry assay to demonstrate that Lm-PHB2 could inhibit ROS generation induced by H~2~O~2~ in HEK293T cells.

4.2. Lm-PHB2 is required for maintaining mitochondrial morphology induced by OPA1 {#sec4.2}
---------------------------------------------------------------------------------

In most eukaryotic cells, mitochondria are responsible for providing energy by generating ATP via oxidative phosphorylation and controlling the levels of oxidative stress \[[@bib31]\]. The dynamin-like GTPase OPA1 is required for both the maintenance of normal cristae in the inner membrane and cristae remodelling during mitochondria-mediated apoptosis \[[@bib32],[@bib33]\]. Therefore, PHB proteins have been suggested to participate in the regulation of mitochondrial morphology because they genetically interact with Mdm12p, a protein required for normal mitochondrial morphology and function \[[@bib34]\]. According to our confocal microscopy assay, mitochondrial fragmentation was decreased in HEK293T cells transfected with pEGFP-N1-Lm-PHB2 plasmid after treatment with H~2~O~2~ compared with that in cells transfected with pEGFP-N1 plasmid, indicating that Lm-PHB2 is required for maintaining mitochondrial morphology.

Mitochondrial fragmentation is associated with deficient mitochondrial fusion activity \[[@bib28]\], and we identified the molecular mechanism by which Lm-PHB2 maintains mitochondrial morphology. According to QRT-PCR and Western blot analyses, Lm-PHB2 increased the expression level of OPA1 in HEK293T cells treated with H~2~O~2~, and our IF and Co-IP results showed that Lm-PHB2 was capable of interacting with OPA1. This indicates that the increased OPA1 expression in HEK293T cells might also help maintain mitochondrial morphology via the interaction with Lm-PHB2.

4.3. Lm-PHB2 interacts with the HAX1 protein in mitochondria {#sec4.3}
------------------------------------------------------------

An imbalance between excessive ROS production and impaired protective mechanisms acting to eliminate ROS can cause tissue damage and cell apoptosis, which is considered oxidative stress \[[@bib6],[@bib35]\]. HAX1 represents a novel protein that regulates apoptosis and promotes cell survival due to its homology and perceived structural similarities to the anti-apoptotic protein Bcl-2 \[[@bib36]\]. HAX1, which was initially identified as an HS1-binding protein and as an inhibitor of apoptosis, was found to directly associate with PHB2 in mitochondria \[[@bib37],[@bib38]\]. According to QRT-PCR and Western blot analyses, Lm-PHB2 increased the expression level of HAX1 in HEK293T cells treated with H~2~O~2~, and our IF and Co-IP results showed that Lm-PHB2 was capable of interacting with HAX1. This result indicates that the increased HAX1 expression in HEK293T cells might also help protect the mitochondria via the interaction with Lm-PHB2. Treatment with H~2~O~2~ induces significant cell death in a dose- and time-dependent manner \[[@bib39]\], and Hax-1 reportedly interacts with an increasingly diverse array of proteins, indicating that it might exert its anti-apoptotic activities via different pathways. Interestingly, HAX1 expression was not significantly increased in H~2~O~2~-treated HEK293T cells transfected with pEGFP-N1 plasmid \[[@bib39]\], however, the reasons underlying this phenomenon require further investigation.

The above mentioned results indicate that Lm-PHB2 significantly inhibits ROS generation by translocation to the mitochondria and protecting the mitochondria induced by OPA1 and HAX1 ([Fig. 5](#fig5){ref-type="fig"} ). These provide a new perspective for the treatment of diseases caused by oxidative stress. These results also provide a new direction for the prevention and treatment of the immune dysfunction caused by oxidative stress.Fig. 5**Summary of the translocalization and mitochondrial protection of Lm-PHB2.** Lm-PHB2 localizes in the mitochondria and nucleus. In mitochondria, Lm-PHB2 decreased the levels of ROS via forming a complex with HAX1 or OPA1. In the presence of ERα and E2, mitochondrial PHB2 translocates into the nucleus, wherein it represses ERα-dependent transcription. Lm-PHB2 also possesses a non-cleavable N-terminal MTS, indicating possible shuttling between the two organelles.Fig. 5

4.4. PHB2 was a vital shuttling protein between the nucleus and mitochondria {#sec4.4}
----------------------------------------------------------------------------

PHB2 represents a novel class of protein that shuttles between the nucleus and mitochondria as a communicator and coordinator where it assumes completely unrelated functions to coordinate a single response, making it viable targets for the treatment of diverse pathologies \[[@bib40]\]. The over-expression of a PHB2 (S91A) mutant was highly indicative of mitochondrial dysfunction and very similar to findings reported following the expression of PHB mutants lacking or containing alterations in the MTS domain, critical for mitochondrial localization \[[@bib32],[@bib41],[@bib42]\]. Lm-PHB2 could trans-localizate from the nucleus to mitochondria under oxidative stress. The phosphorylation of nuclear PHB2 on S91 might promote nuclear export of Lm-PHB2 and mitochondrial localization. However, this still needs further evidence.

5. Conclusion {#sec5}
=============

Lm-PHB2 could significantly decrease the levels of ROS generation in HEK293T cells. Both cellular nuclear location and translocation from the nucleus to mitochondria of Lm-PHB2 were also examined in HEK293T cells under oxidative stress. The translocation of Lm-PHB2 into mitochondria was dependent on the Lm-PHB2~1-50aa~ region and the 17th, 48th and 57th three arginines (R) of N-terminal were very critical. In addition, Lm-PHB2 increased the expression levels of OPA1 and HAX1 in HEK293T cells under oxidative stress and then Lm-PHB2 could interact with OPA1 and HAX1, respectively. Lm-PHB2 could assist OPA1 and HAX1 to maintain mitochondrial morphology and decrease ROS levels by the translocation from the nucleus to mitochondria under oxidative stress. Lm-PHB2 may represent a breakthrough in the understanding of the anti-oxidative stress mechanism of lower vertebrates, which is simpler and more effective than that in mammals. These results are also helpful to understand PHB2 represents a novel class of protein that shuttles between the nucleus and mitochondria as a communicator and coordinator, and also provide a new direction for the prevention and treatment of the immune dysfunction caused by oxidative stress.
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